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Stringent government mandates for the fuel economy and emissions of light-duty
consumer vehicles have forced manufacturers to focus on improvements in these areas.
Increased consumer pressure has also shifted the automobile market towards higher
efficiency vehicles. This study investigates the use of intelligent engine peripheral control
to improve fuel efficiency and reduce vehicle emissions. The conventional automotive
alternator control strategy contributes to higher overall vehicle losses and increased fuel
consumption through indiscriminate loading of the engine. The improved method focuses
on the selective reduction of engine loading and the recapture of vehicle energy during
braking using intelligent control of the alternator system. The concept was demonstrated
on the Mississippi State University Challenge X hybrid vehicle. The fuel economy and
NOx emissions of the vehicle were improved by 6.6% and 10.5%, respectively, over the
drive cycle developed by the 2006 Mississippi State University Challenge X team to
evaluate emissions.
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CHAPTER 1
INTRODUCTION

1.1 Introduction
The automotive industry has become increasingly focused on the improvement of
vehicles using technology driven solutions. One of the issues that has been increasingly
addressed is the improvement of fuel economy, due to the rising price of petroleum
energy sources. Although vehicle efficiency has always been a concern to some extent,
laws requiring a reduction of greenhouse gas emissions like CO2 have forced
manufacturers to find new ways to meet these mandates since the production of CO2 in
automobiles is inversely related to fuel economy [1]. In the past, some solutions that
were researched to provide better performance in this area were scrapped because the
technology did not exist to integrate them into production vehicles. Many of these
solutions require complex control algorithms to operate effectively in all driving
situations. Prior to the 1980’s, the control capabilities of automobile manufacturers were
limited to low capability analog controllers. Digital controller technology was available
in the 1980’s and 1990’s, but the cost to benefit ratio was not favorable enough for mass
production of complex off the shelf programmable controllers. Today, with the
development of inexpensive high level control systems incorporating multiple control
ports and government regulations on fuel economy and emissions, solutions like hybrid
1

vehicle operation, variable engine displacement, and intelligent peripheral control are all
cost effective solutions for manufacturers to implement.
The efficiency of the 12 V electrical power system in a modern vehicle is
hampered by the alternator design that is used for electrical generation. The power used
by 12 V devices in the vehicle ultimately must be supplied by the alternator, which is
powered by the engine. The battery may provide power during certain operating
conditions where the alternator output cannot meet the demand, but that energy must be
replaced by the alternator later on. Increasing the electrical load in the vehicle will
decrease the fuel economy obtained during vehicle operation. Compounding this problem
is the poor efficiency of the alternator. Only half of the engine’s power used to drive the
alternator is converted into electricity. This fact was less important when the average
automotive electrical load was less than 15 A, but current automobiles average over 35 A
during operation, with peak loads exceeding 75 A. The increase in electrical load stems
from the widespread use of electronic vehicle system management and the incorporation
of more electrically powered consumer convenience devices. These changes add more
electrical load to current automobiles and shift the power requirements of historically belt
driven loads, like power steering, to the electrical system.
Intelligent peripheral control has been largely neglected by automotive
manufacturers due to the larger fuel economy benefits possible with other developments
such as full hybrid vehicles. Despite this, intelligent control of engine peripherals can
have a beneficial effect on vehicle performance, fuel economy and emissions, while at
the same time being very cost effective to implement because it requires minimal
additional physical components. Intelligent peripheral control is also applicable to nearly
2

every vehicle on the road today. The application of intelligent control to the vehicle
alternator allows the energy storage capability of the 12 V battery to be better utilized by
increasing and decreasing the output of the alternator. This allows the vehicle controller
to increase the load of the electrical system on the engine during events such as braking
and decrease the load during acceleration. In this research study the benefits of an
intelligently controlled 12 V alternator system are explored for hybrid vehicle
applications.
This report establishes the requirements for an automotive alternator control
system, explores previous work in automotive alternator control, and using a test bench
consisting of the major automotive electrical components demonstrates that the system is
safe and effective for automotive applications. The final application and tuning of the
system was in the Mississippi State University Challenge X vehicle, a 1.9 L dieselelectric hybrid vehicle used in student vehicle competitions. The final application vehicle
dictates the actual performance demanded in the automotive field because the safety,
reliability, efficiency, emissions, and performance of the vehicle were all evaluated by
General Motors in the same manner that their own vehicles are tested.
The long term effects of this type of alternator control on the vehicle electrical
system are discussed in this study.

In light of the fuel economy and emissions

improvements seen with intelligent alternator control, the implementation of intelligent
peripheral control in other automotive systems is considered, as well as the application of
intelligent peripheral control to non-hybrid vehicles.
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CHAPTER 2
AUTOMOTIVE CHARGING SYSTEMS

The standard automotive alternator in widespread use today is nothing more than
a multi-pole, three-phase synchronous generator with a diode rectified output. As such,
its behavior can be understood and modeled using elementary analysis of the ac
synchronous machine. This chapter discusses the operation and construction of the
conventional automotive alternator, the history of electrical power generation in
automobiles, and establishes the output power dependencies for a synchronous generator
in an automotive application.

2.1 Conventional Alternator Control and Operation
The conventional control structure for electrical power production in automobiles
is focused on supplying the needs of all the electrical devices in the vehicle while
ensuring that the system voltage remains within an acceptable range so as to maintain
device functionality and not cause damage to the components. The easiest method of
doing this is a strategy employing a bus voltage regulator, where the alternator controller
monitors the voltage of the 12 V electrical system and makes adjustments to the field
voltage (and thus current) of the alternator to maintain the bus voltage at a set level,
usually 14 V. Figure 2.1 shows a functional diagram of this type of system.
4

Figure 2.1 Voltage regulated alternator control
This type of system is current automotive practice, as it is easy to control, can
adjust to a wide range of operating conditions, and is inexpensive to produce. It also has a
number of disadvantages which are discussed in Chapter 3.

2.2 Historical Review
Since the beginning of the automotive age, there has been a need for onboard
vehicle, low voltage electrical power generation to supply the needs of ignition, lighting,
and convenience items. To meet this demand, in 1902 Robert Bosch developed a dc
generator that incorporated power generation and contact breaker functions for voltage
regulation [2]. Seven years later he introduced his “Complete Lighting and Starting
System”, which combined ignition, starting, and lighting together in a single system
available with a variety of options for different vehicles. In the 1960’s, the use of
semiconductor rectification diodes enabled a change to occur in automotive power
5

generation, from the stationary field of the dynamo to the rotating field coil of the
alternator, producing three phase ac power that is rectified to dc. The fundamental
advantage of this change is that the contact brushes to the rotor carry only the field
current, rather than the much larger armature current. This results in a gain of efficiency,
since the voltage drop across a carbon brushed connection is approximately 2 V. It also
improved reliability since the lower current brushes do not need to be replaced as
frequently [3].

2.3 Alternator Construction and Regulation
The construction of an automotive alternator is based on a multi-pole, 120°
distributed, three-phase winding around a laminated iron core that forms the stator. This
stator winding assembly is pressed into the alternator housing for mechanical support and
thermal dissipation. The rotor enclosing the field winding is made using the Lundell or
claw pole design, where the field coil is cylindrical and concentric with the driven shaft
[4]. The field coil is enclosed by two iron halves, each with interlocking and alternating
claws around the outer edge of the rotor as seen in Figure 2.2. In this CAD drawing, the
relationship of the pole halves around the field coil can be seen. From a lateral
perspective, the claws direct the magnetic field of the on-axis field coil radially out, and
due to their staggered nature provide an oscillating N, S, N, S magnetic field to the stator.

6

Figure 2.2 Alternator claw pole rotor showing the field coil, south pole, and north pole
halves [4]
This magnetic field is very similar to that of a conventionally wound rotor, but the
claw pole rotor is much easier to manufacture, as it requires only one cylindrical coil that
can easily be wound on a bobbin. Its chief disadvantage is lower efficiency when
compared to discretely wound poles, mostly due to increased magnetic reluctance and
leakages as well as characteristically larger air gaps. The alternator housing also
incorporates a voltage regulator and brushes, a diode pack for ac rectification, and a fan
to keep all of the components cool. The voltage regulator will be discussed in the next
section. Figure 2.3 is a cutaway of a typical automotive alternator.
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Figure 2.3 Alternator cutaway, showing the housing, rotor, stator, and diode pack [5]
The relationship of all of the components in the alternator is clearly shown in the
figure except for the position of the field brushes. They are positioned in the middle of
the diode pack and rectifier assembly on the right side.
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Currently, the control of automotive alternators is based on the voltage of the
12 V system, which the regulation system attempts to maintain at a preset level during all
conditions. The voltage control of alternators (and generators for that matter) began with
simple electromechanical systems, like the one shown in Figure 2.4.

R

Alternator Field

Figure 2.4 Electromechanical alternator control schematic [2]
The basis for this type of system is a contact relay that can be adjusted to open
and close at a given voltage. When the system voltage reaches the desired level, the
contacts open, forcing the field current through a resistor and causing the output voltage
to drop. When the voltage sags below the lower limit of the range, the contact closes
9

again, increasing the output. This up and down cycle happens very rapidly, thus
approximating the median voltage value of the cycle. Electromechanical systems are not
very durable due to contact point erosion and wear. They have been completely replaced
by more modern electronic versions. An example of this type is found in Figure 2.5.

R
R
R
R

R

R

R

Alternator Field

Figure 2.5 Electronic alternator control schematic [2]
Electronic regulators work in a manner similar to that of the electromechanical
versions, but the current is switched using sealed power electronics, making the regulator
small enough to mount directly on the alternator and sufficiently robust to operate in that
environment. Overvoltage protection is also incorporated into the voltage regulator.
Under normal circumstances, the battery absorbs any significant voltage spike. If the
battery is disconnected, then the system voltage may spike or oscillate wildly if suitable
10

protection is not in place since the response of the voltage regulator is tuned with the
damping effect of the battery in place. The most common method of absolute maximum
overvoltage protection uses a Zener diode and a thyristor. An example circuit is found in
Figure 2.6.

Figure 2.6 Zener diode alternator over-voltage protection circuit [2]
In this protection scheme, the reverse voltage of the Zener diode is equal to the
maximum allowable voltage of the system. When the Zener begins to conduct, it creates a
voltage drop across R1, applying voltage to the gate of the thyristor Th1, which shorts the
supply to the field through R2. The thyristor will continue to conduct as long as the
alternator is running, so the vehicle must be shut down to reset the protection circuit and
resume normal operation.
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2.4 Power Output of the Synchronous Machine
The basic alternator has a rotating field coil inside of a distributed three phase
winding, as shown Figure 2.7.

Figure 2.7 Alternating current 3-phase synchronous machine [6]

The voltage induced in the phase windings of the alternator by the rotating field is
derived in Appendix B, resulting in the following equation.

emf max = ωN a Φ p =
12

8πfμ 0 N a N f I f lr

πg

(2.1)

Given this result, it is important to notice that the output voltage of the synchronous
generator is based on two variables: the output frequency f, linked to the rotational speed,
and the field current If. All of the other terms are aspects of the generator’s mechanical
design and cannot be manipulated dynamically. The speed of the generator is also either
fixed, like in a power plant installation, or varying due to factors other than electrical
considerations, like in an automotive application. So the only control input available to
the alternator regulation strategy is the field current If.

2.5 Alternator Output Control using PWM Field Excitation
The modulation of the field current If by the control strategy ideally has a linear
dependence on the field voltage, Vf, since the resistance of the field coil is constant. This
approximation is only valid, however, when the field circuit is provided with dc voltage.
In reality, the field circuit voltage is controlled by pulse width modulation, illustrated in
Figure 2.8, where the effective voltage is the average voltage over one period, and is
adjusted by changing the duty cycle of the waveform. Although this control scheme is
efficient in terms of the switching electronics and very convenient, it introduces some
complications when driving an inductive circuit such as an alternator field coil. The field
coil inductance is similar to an N-turn solenoid around an iron core.

13

Figure 2.8 PWM examples [7]
To model the behavior of this circuit, the differential equation that describes it
must be determined. Figure 2.9 shows the series RL circuit equivalent to the alternator
field circuit.

14

V

Figure 2.9 Simulation of alternator field drive using RL circuit
Using Kirchhoff’s laws

VR = i f R
VL = L

(2.2)

di f

(2.3)

dt

V = if R + L

di f
dt

Equation 2.4 is a valid representation of the system when the switch is closed.

Solving this differential equation,
15

(2.4)

if =

V
−( R )t
(1 − e L )
R

(2.5)

which indicates that when the switch is closed, the field current will exponentially
approach V/R. Equation 2.3 reveals the nature of the circuit when the PWM drive turns
off. This event causes

di f

dt

to become very large while if goes to zero, forcing V to a

very high value for a short amount of time. Figure 2.10 is an example of this behavior,
using the circuit found in Figure 2.9. The severity of the inductive turn-off voltage spike
can be seen in the second trace of this ideal switch circuit. Some form of protection or
compensation is necessary for the field drive circuit to be successful.
To mitigate the effects of the inductive field switching, a protection scheme that is
able to remove the high voltage spike is needed. The ability to smooth the field current is
also desirable. Because the voltage spike is of opposite voltage to the PWM drive, a
simple flyback diode allows current to freewheel through the inductor and prevents the
voltage spike.

16

Figure 2.10 Magnitude of current and voltage during inductive switching. The voltage
induced by the change in current when the switch closes is negligible on this
scale.
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2.6 Diode Rectified 3-Phase Output
The output voltage generated by a synchronous machine is an ac sine wave and in
an automotive alternator is rectified to provide dc to the system or load. An automotive
alternator has a six-diode full bridge to rectify the three phase voltage produced in the
stator windings. The behavior of the stator voltage in relation to field current was
considered in Section 2.4, so in this section the effects of the rectification process will be
developed.
For the rectification of three phase ac voltage, a six diode bridge is commonly
used. Figure 2.11 is an example of this topology.

Figure 2.11 Three phase rectifier [8]
Given a balanced three phase input,where phases A, B, and C are of the same
voltage, and have equal phase spacing at 0°, 120°, and 240°, then the output voltage of
the rectifier will consist of a dc ripple voltage with a fundamental frequency equal to that
of the input waveform. Figure 2.12 shows the three phase inputs and the dc output.

18

Figure 2.12 Rectified three phase input and output waveforms [9]
The relationship of ideal dc output voltage to peak ac input voltage can be
represented as:

VDC =

3 2

π

( 3emf max )

(2.6)

The √3 is necessary to convert the phase-to-neutral value of emfmax to a phase-to-phase
value. This represents the ideal average output voltage of the rectifier, but actual diodes
have a voltage drop associated with forward conduction, typically 0.7 V. Since there are
two diodes in series conduction on for each dc section, there is a 1.4 V drop across the
rectifier. So for non-ideal diodes,

VDC =

3 2

π

( 3emf max ) −1.4

19

(2.7)

The relationship between dc output voltage and field current for the rectified synchronous
machine is now fully developed.
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CHAPTER 3
INTELLIGENT ALTERNATOR CONTROL

3.1 Problem Statement
The production of electrical power in automobiles, whether it’s 12 V, 24 V, or 48
V, presents a constant torque load on the engine. Because electrical distribution is a very
convenient method for auto manufacturers to bring power to many devices throughout a
vehicle with minimal cost and efficiency loss, the number of electrical devices in vehicles
has increased in recent years. Currently, automotive electrical distribution systems
operate very efficiently as most of the wiring is made of copper, which has a high
conductivity and correspondingly low losses due to internal resistance. The production of
the power used in the electrical systems, however, can be improved due to the time
varying nature of the accessory loading. This, coupled with the energy storage
capabilities already available in the 12 V system, can allow for increased efficiency via
intelligent generation strategies.
Conventionally, the 12 V automotive system operates at a constant voltage, with
increased electrical loads causing immediate increased current output from the engine
driven alternator in order to maintain the system voltage, regardless of driving conditions.
Although this strategy works from a power production standpoint and is very robust, it
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allows the alternator to be heavily loaded during engine operating conditions that are the
most inefficient. In addition, it also does not take advantage of vehicle operating modes
where excess energy is available. Finally, due to the relationship of terminal voltage and
state of charge (SOC) inherent to the lead-acid battery, the conventional voltage control
alternator strategy continuously provides the battery with current after it is fully charged
at 100% SOC. Most of this excess energy is converted to heat in the battery and
subsequently lost.

3.2 Review of Current Efforts in Alternator Control
BMW and GM are both developing intelligent alternator control schemes that
improve generation efficiency in automobiles [10], [11]. While these systems are similar
in concept to the alternator control developed in this study, they differ in key areas that
make each system a unique application of load shaving and regenerative braking for
improved efficiency.

The BMW system is designed for conventional (non-hybrid)

drivetrain vehicles and uses engine loading for the control input to the alternator system.
It also features a separate power generation unit linked directly to the wheels for
regenerative braking, while the alternator charges the battery during engine overrun and
periods of low state of charge. BMW claims a 4% decrease in fuel consumption with this
system [10].
The alternator control developed by General Motors uses the MAP sensor to
determine the load on the engine, which is the primary control input to the alternator
system. In the GM system however, the goal of the alternator load reduction is to keep
the engine load below a certain threshold and allow the Active Fuel Management™
22

(formally known as Displacement-on-Demand™) to remain active as much as possible
[11]. Neither the GM nor the BMW systems will work particularly well in a hybrid
system, as they both rely on manifold pressure to determine the load on the vehicle
drivetrain. In certain situations, such as a normal takeoff in a hybrid vehicle, the engine
manifold pressure will not provide an accurate indication of the load as much of the
torque will be provided by the electric motor. This is where the system developed in this
study is different, as it uses the requested electric traction motor torque in the hybrid
drive system to determine the vehicle transient load allowing for more accurate control of
the alternator in this type of vehicle.

3.3 Proposed Solution for Hybrid Vehicles
The solution proposed in this study is a multi-faceted approach to alternator
control that can improve or resolve the aforementioned problems found in the previous
section, while considering the questions and concerns presented in Section 1.2. Any
solution to be implemented must be reliable, failsafe, and work in all operating conditions
without fault. In order to meet these goals, an alternator control system was selected that
uses field current to control the alternator output. The field current relationships were
discussed in Chapter 2. The system monitors driver input to the throttle, braking, and
clutch systems, as well as battery voltage and current, and makes adjustments to the field
current for maximum system efficiency.
Two algorithms are required to accomplish to perform the goals mentioned above.
The first is a voltage regulation algorithm that establishes a reference point for the battery
SOC. The second is a current regulation algorithm that monitors battery current to
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determine the appropriate alternator output for highest overall efficiency. Figure 3.1 is a
functional diagram of the alternator control system, showing the required inputs and
output voltage to the field winding. The voltage and current regulation algorithms are
based on feedback control from the battery current and voltage, and adjust the field
voltage accordingly. The source of these control inputs is shown in Figure 3.2, which
comprises the physical side of the intelligent alternator control system. The current sensor
is placed to monitor the flow of charge in and out of the battery so the control strategy
can adjust the field current to achive a given battery charge or discharge rate. This rate is
chosen based on driver input and battery state of charge.

Figure 3.1 Control strategy diagram for alternator control
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Figure 3.2 Alternator and other physical components
The operating points of an automobile are not discreet, but vary continuously over
a given driving cycle. The mass of the automobile allows it to store energy in a kinetic
form. If the automobile is operating at a given speed and needs to be accelerated to a
higher speed at some later time in the driving cycle, this acceleration consumes more fuel
than steady state operation because the engine must overcome the drag of the vehicle and
supply the difference in kinetic energy at the two speeds. If the car is operating at higher
speeds and is decelerated to a lower speed this excess energy must be dissipated
somehow, usually through the use of friction brakes. Table 3.1 collects common driving
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modes and events into these two groups: increasing kinetic energy and decreasing kinetic
energy.

Table 3.1 Operating modes and their corresponding change in kinetic energy
Decreasing Kinetic Energy

Increasing Kinetic Energy

Braking

Acceleration

Trailing Throttle Coasting or Downhill

Uphill Operation

The use of hybrid drivetrain and intelligent peripheral controls allows the excess
energy from the events in the left column of Table 3.1 to be stored for later use in the
events found in the right column, which conventionally require additional fuel. Increasing
the efficiency of the 12 V generation system using intelligent control allows the vehicle
controller to manage the storage and usage of energy from the 12 V battery.
The control strategy must first initialize the system by ensuring that the battery is
at full charge to give the system a known starting point. The system must then transition
to intelligent control, creating two possible states or modes in which the system can
operate. The initial state for the alternator control is voltage control mode, where the
output voltage is regulated at 14 V until the current into the battery drops below a
threshold level, indicating full charge. While operating in voltage control mode the
behavior of the system is exactly like the conventional alternator. Once the battery is
fully charged the system switches to current control mode, shown in Figure 3.3, where
the alternator output is adjusted to maintain a desired battery current, which is chosen by
the control strategy.
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Vehicle Loads
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Figure 3.3 Steady state operation of the system, where the supply current provides about
1 A of current into the battery in addition to meeting the demands of the load
The battery current during steady state operation in current control mode is less
than 1 A to minimize the full charge losses of the battery. During braking conditions, the
current into the battery is increased, storing some of the excess kinetic energy of the
vehicle in the 12 V battery via regenerative braking. The opposite situation occurs during
acceleration and high load events, where the alternator output is decreased to reduce
engine load, and current flows out of the battery to meet the electrical demands of the
vehicle. The current flow in these operation modes is show in Figures 3.4 and 3.5,
respectively.
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Isupply

Iload
Ibattery

Figure 3.4 Regenerative braking mode of the system, where the alternator output is
increased to store energy during times of vehicle kinetic energy excess.
Here the supply current significantly exceeds that of the load, so the
balance (about 25 A) is stored by the battery

Isupply

Iload
Ibattery

Figure 3.5 Engine unloading mode of the system, where the alternator output is
decreased during heavy transient loading. The supply current is much less
than required by the vehicle loads, so current flows from the battery to
fulfill the power requirements
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Using this method, the instantaneous load requirements during periods of low
efficiency are met by the stored energy in the battery, and the energy is replenished
during the periods of high efficiency. This effectively moves the entire electrical
accessory load on the engine to a more efficient operating region. When the vehicle is
operating in an efficient mode and the battery is fully charged, the alternator output is
reduced to lower the current into the battery close to zero, thereby eliminating the full
charge losses described earlier.
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CHAPTER 4
INTELLIGENT ALTERNATOR CONTROL STRATEGY

4.1 Requirements of an Intelligent Control System
An intelligent alternator control system must be capable of monitoring the
electrical power system of the vehicle and make adjustments to the alternator output that
reduce losses and improve efficiency. The outline of this process is started in Chapter 3,
but the specifics regarding the implementation of an intelligent alternator control strategy
are developed in this chapter. The system uses battery current regulation for control, so
the inherent storage capabilities of the 12 V power system can be utilized. The basis of
current control for a vehicle 12 V system is the charge/discharge current of the battery,
which can be monitored by a current sensor placed in the battery circuit that can measure
both positive and negative current. This allows the controller a means to monitor the
energy in and out of the battery so it can be controlled precisely for the purpose of
increasing and decreasing the torque load on the engine at the appropriate time.
Monitoring the battery current also provides a useful way to determine the state of
charge (SOC) of the battery using a method described later in this chapter. The necessity
of a voltage control mode during initial vehicle operation is dictated by the action of the
current regulator, which seeks to maintain the battery within a specific SOC range. The
current regulator must have a reference or starting point from which the battery SOC can
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be measured. This system uses voltage control mode to provide a steady voltage to the 12
V system by monitoring the voltage and using a feedback controller to adjust the field
voltage while the controller samples the charge rate of the battery. Once the charge rate
drops to a predetermined level, the system recognizes that the battery is at the reference
SOC. Figure 4.1 shows the relationship of charge rate, terminal voltage, and battery SOC
for a lead-acid battery like the Duralast 51-DL battery used in the Challenge X vehicle.
For a battery of capacity C = 40 Ah charged at 14 V, the charge current for 80% SOC
will be C/5, or 8 A
.

Figure 4.1 Charge voltage and SOC relationship for differing charge rates of the leadacid battery [12]
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Once the battery SOC reference point has been reached, the system can switch to
the intelligent current control mode. Although a set reference point for battery SOC could
be saved in memory from the last operation of the vehicle, this method has two major
drawbacks. First, it does not account for the self discharge of the battery over time, and
second, if the information is lost, the controller will have to perform a reference charge.
The method chosen is more robust and foolproof, a necessity for automotive use.
A series of control inputs and outputs are required to properly implement this
intelligent alternator control scheme. The above paragraphs establish the need for
monitoring 12 V battery voltage and current, but some indication of engine load is also
required for the current control mode so the system can reduce or increase battery charge
rates to suit the vehicle’s state of operation. In this system, the torque of the hybrid
traction motor is used for this purpose. During high engine loading such as when the
vehicle is accelerating, the motor torque is positive and increases with the load on the
vehicle. This allows the alternator current control strategy to decrease the alternator
output so the charge rate of the battery is negative, unloading the engine and supporting
the vehicle electrical load with the energy stored in the battery. Conversely, during
regenerative braking the traction motor torque is negative and is speed dependent to
avoid reverse torque at zero speed.
The alternator control can increase the alternator output beyond what is needed to
power the vehicle’s electrical system such that the extra power is absorbed by the battery
for storage at a rate that is proportional to the regenerative braking effort of the traction
motor. This control scheme allows the alternator to complement the operation of the
electric traction motor. The outputs of the system are the alternator indication light,
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which alerts the driver if the controller detects a charging problem, and the PWM field
drive which connects to the driver board described later.

4.2 Control Strategy Development
The basis for the voltage regulation control is a simple proportional integral or PI
controller that monitors the battery voltage and compares it to the desired target voltage.
In Figure 4.2, the major components of the voltage regulator are illustrated. Here the PI
controller is the box in the center of the figure, with the boxes on the left providing the
target voltage and tuning parameters for the controller. The three oval symbols represent
inputs used for this realization; they are the battery voltage, battery current, and an enable
input, which allows the regulator to be turned off via software during testing. The battery
current input is a necessity of the charge current protection, seen at the bottom and right
of the figure, which operates by comparing the battery current to a known safe maximum.
If the battery charge current exceeds the set maximum, then the field control output of the
PI controller is multiplied by zero, reducing the field voltage to zero and turning off the
alternator.
The final feature of the voltage regulator is the saturation block on the field
control output, which prevents the controller from requesting excessive alternator outputs
due to internal integral windup. Using this strategy, the voltage regulator can safely and
effectively maintain the 12 V system at the target voltage.
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Figure 4.2 Voltage regulator, with PI controller and control parameters

The current regulator also relies on a PI controller, which adjusts the field control
to achieve a desired battery current chosen by the control strategy. To accomplish this
though, it requires more components then the voltage regulator, as seen in Figure 4.3. The
details of the PI controller are the same as for the voltage regulator, with integral and
proportional gain as tuning parameters, but the target value, in this case battery current, is
not fixed. The battery current is determined dynamically according to battery SOC and
desired traction motor torque. Figure 4.4 provides details of the battery SOC calculation
and base charge rate determination.
The SOC is calculated using the instantaneous battery charge/discharge rate
multiplied by the change in time, giving Ampere-seconds. Using a unit delay, this value
is added to the value of the last time step, and then converted into a percentage of the
battery’s total capacity. The base charge rate for the battery is chosen using a lookup
table with the SOC as an input. This way, the charge rate will ramp down as the SOC
comes up, preventing full charge losses. To incorporate the intelligent loading/unloading
of the alternator a summation block is inserted into the desired charge rate from the base
charge rate lookup table. In Figure 4.5, the details of the intelligent control are shown.
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Figure 4.3 Simplified current regulator overview, showing PI controller,
SOC calculation, and battery voltage protection. A detailed
version of this model is found in Appendix A
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Figure 4.4 Battery SOC calculation, producing a percent value for the base
charge rate lookup table
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Figure 4.5 Motor torque input and charge rate logic

The large CAN definition block in the lower left corner of Figure 4.5 allows the
messages for hybrid traction motor torque to be received. Using the logic blocks on the
right, the controls activate the appropriate mode. If the motor torque is between the two
thresholds for loading and unloading the alternator, then the battery charge rate is not
altered. If the torque exceeds the acceleration torque threshold, then the battery charge
rate will be decreased according to the SOC unloading table. Conversely, when the motor
torque is less than the regeneration torque threshold, then the charge rate will be
increased by the amount found in the SOC regenerative braking table. Both of these
tables are SOC dependent to ensure that the battery is not overcharged or discharged by
the system, and that the battery SOC will always settle to approximately 90%. The
current controller also incorporates both soft and hard 12 V system protection by
monitoring the battery voltage. The details of this system are in Figure 4.6. If the soft
protection limit is reached, the integrator is activated, which subtracts from the outgoing
field control signal and brings the system voltage down. In the event that the soft
protection is not adequate a hard protection safety like the one found in the voltage
regulator is also present.
The overall alternator controller needs to be able to choose which mode of
operation the system needs to be in: either voltage or current control. In order to do this, a
stateflow chart is implemented, with inputs from both the voltage and current controller,
which connects the needed input to the field control output.

The diagram of this

controller is found in Figure 4.7. The stateflow chart itself is found in Figure 4.8.
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Figure 4.6 Soft and hard voltage protection for 12 V system
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Figure 4.7 Overall controller, showing the voltage and current regulators, as
well as the transition tuning blocks
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Figure 4.8 Stateflow chart for alternator control mode decision

The default state, denoted by the small circle and arrow at the top left of Figure
4.8, sets the alternator output and the regulator enables to zero, so the system is off. When
the controller enable signal becomes one, the controller transitions to the voltage
regulation state. In this mode the field drive is connected to the voltage regulator, which
is also enabled. The alternator light is turned off to provide confirmation of alternator
operation to the driver. Once the transition conditions set in the overall controller have
been met, the system shifts to current regulation mode. For safety reasons, a transition
back to voltage control mode has been implemented, so if the battery voltage dips below
a predefined level indicative of a low battery SOC, the system will again charge the
battery to the reference point.
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CHAPTER 5
SOFTWARE, HARDWARE IMPLEMENTATION, AND TEST APPARATUS

5.1 Mototron and MATLAB Simulink
The MATLAB Simulink™ environment developed by The MathWorks is used
for the simulation and development of the alternator control strategy in this study.
Because it is designed to simulate control systems in almost every engineering discipline,
Simulink is easily adapted for use in automotive control development using third party
development suites, in this case the Mototron MotoHawk™ blockset for Simulink.
Motohawk uses the automatic code generation abilities of Simulink to produce the
control strategy. The control strategy is made using MotoHawk, converted to C code by
Simulink, and compiled with a C compiler produced by Green Hills Software, Inc., which
produces an installation file suitable for programming onto the Mototron control unit.
Actual programming of the control unit and real time tuning of its parameters are
accomplished using MotoTune™, which is another software tool made by Mototron. This
program allows selected parameters to be monitored and changed while the vehicle is in
operation.
The controller chosen for this study is the ECU555-80 Mototron control unit,
which uses a 40 MHz Freescale MPC555 processor as its core, and has 448 kB of
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memory available for programming [13]. This controller was used for two reasons: It has
a sufficient number of inputs and outputs as well as the processing ability for alternator
control and it was already used in the MSU Challenge X vehicle that was used for
concept validation, making the transition from test fixture to vehicle much easier.

5.2 Test Fixture
The off-vehicle testing of the alternator and control strategy requires precise
control of the speed of the alternator. To this end, a test fixture was built to drive the
alternator at the rotational speeds encountered when installed in a vehicle, while
delivering sufficient torque for the power output required. Figure 5.1 shows the
experimental setup.

Figure 5.1 Picture of the test fixture
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The choice of the motor was dictated by the torque and speed required, as well as
the precision speed control necessary for accurate measurement of the alternator output
characteristics. Table 5.1 has the requirements needed from the motor. Given these
requirements, industrial automation servo motors were considered, and a Bosch RexrothIndramat AC induction motor was chosen. This motor is capable of speeds up to 9000
rpm, torques up to 64 Nm, and outputs up to 15 kW, easily meeting the requirements of
the project. The motor is connected to the alternator by a set of poly v-belt pulleys and a
matching belt. The alternator used is a GM Valeo™ 14V 140 A model.

Table 5.1 Minimum motor specifications
Speed, Minimum

750 rpm

Speed, Maximum

6500 rpm

Torque

50 Nm

Maximum Power Output

5 kW

The electrical requirements of the project dictated an analogue of an automotive
12 V system, complete with battery to provide initial field excitation. In addition to this,
some method of applying an electrical load to the system must be provided. A load bank
was developed using a 1500 W inverter and 500 W halogen lamps. Figure 5.2 is a
schematic of the electrical portion of the test fixture.
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Figure 5.2 12 V electrical schematic for test fixture
5.3 Alternator Modification, Driver Board, and Sensors
The voltage control of a conventional alternator is performed by a regulator
internal to the alternator. Implementing intelligent alternator control requires the stock
voltage regulator to be disabled without damaging the brushes and their connections.
Figure 5.3 shows the back of the alternator with the regulator, brushes, and rectifier diode
pack.

47

Figure 5.3 Back of alternator, with the regulator ground screw post circled
Since the internal voltage regulator provides a switched ground to the constantly
energized field coil, disabling the regulator is a matter of removing its grounding point to
the housing of the alternator. In this case the post circled in Figure 5.3 has a plastic foot
from the regulator encircling it, which houses a brass bushing connected to the regulator
ground contact. By removing this bushing, the regulator is effective disabled. This
method allows the regulator to be enabled very easily in case of intelligent field driver
failure by providing a switched connection from the regulator ground contact. Upon
connection with the chassis ground, the alternator will behave in its stock configuration,
providing a failsafe mode.
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The need for protection of field drive circuit was established in Chapter 2, and a
solution was provided. The use of a flyback diode is a simple, inexpensive, and effective
way to eliminate voltage spikes when switching a large inductor, while ensuring that the
current through the field coil will be relatively ripple free. The recovery time, current,
and voltage rating of the diode were the primary selection parameters used, and a
Schottky diode with a reverse voltage rating of 40 V and a maximum average current of
40 A was chosen. Because of the Schottky architecture of the diode, the recovery time is
essentially zero in comparison to the switching speeds of the field control circuit. Figure
5.4 shows the installation of this device on the alternator.

Figure 5.4 Flyback diode with connection wires to field
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The Mototron controller requires a driver board to convert the low current TTL
switching PWM to a high current field drive. It also requires sensor scaling for the battery
voltage and current inputs as both of the analog to digital inputs used have a 0-5 V range.
In addition to this, the current sensor outputs negative voltage when sensing negative
current, so a bias was needed for the current sensor scale. To save space, the sensor and
driver functions are integrated into one enclosure. A schematic of the driver/sensor board
is found in Figure 5.5.

Figure 5.5 Driver board schematic
The Hall sensor used for the controller to monitor battery current is a closed loop
current sensor. This model was chosen because it can provide an accurate measurement
of ±100 A currents with 500 mA precision even at low currents. The low current
measurement capability is required to control the charge rate at high battery SOC. The
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sensor does require ±15 V for operation, so a ±15 V, 15 W dc/dc converter was integrated
into the driver board to supply it.

5.4 Challenge X Hybrid Vehicle Testing Platform
The vehicle used for on road testing and tuning of the intelligent alternator control
system was the Mississippi State University Challenge X Equinox competition vehicle.
This vehicle has undergone a hybrid powertrain conversion, and is powered by a GM
JTD™ 1.9 L turbo diesel engine and a Ballard IPT™ induction electric traction drive in a
through-the-road parallel configuration. The layout of the vehicle is shown in Figure 5.6.

Exhaust
System

GM
DPF

Johnson Controls
NiMH Battery Pack
330 V / 7.0 A-hr

PLACE
HOLDER!!!!!!!!!!!!!
5 L Zeolite

SCR Catalyst

Urea Injector

1.9L GM Turbo Diesel
110 kW @ 4000 rpm
320 Nm @ 2000 rpm

Through-The-Road
Parallel Hybrid
Configuration

GM 6 Speed Manual
Transmission

Ballard IPT Electric Drive Unit
65 kW peak / 45 kW continuous
230 Nm peak torque
Integrated 10.66:1 ratio diff.

Figure 5.6 Component locations for MSU Challenge X vehicle [14]
The hybrid configuration in Figure 5.6 allows the MSU Challenge X vehicle to
have improved fuel economy and performance over the stock vehicle, by 45% and 12%,
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respectively [14]. In addition, it retains the full seating and utility capabilities of the
original vehicle.
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CHAPTER 6
EXPERIMENTAL RESULTS AND EVALUATION

6.1 Testing on Mototron Control Unit using Test Fixture
The goal of the alternator test fixture is to provide a safe, robust platform to verify
and tune the operation of the alternator control system described in previous sections.
Unlike the MSU Challenge X vehicle, the test fixture is devoid of electrical devices that
could be easily damaged by voltage spikes or dips, so it allows for the harshest transient
testing without endangering other sensitive electronics. The results of these controlled
tests are found below. The conventional alternator controlled by the internal voltage
regulator is presented first. The results from the Mototron controlled alternator are broken
into three groups, first testing the voltage control mode, then the current control mode,
and finally full operation with automatic transition from one mode to the other.
In order to establish a baseline for operation and to validate the field
current/output relationships presented in Chapter 2, a number of tests were performed
with a GM Valeo™ alternator on the test stand, varying speed and load while monitoring
system voltage, alternator speed, and field voltage. Figure 6.1 is a family of curves for
different loads, showing the relationship of field voltage and alternator speed.
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Figure 6.1 Field voltage for different alternator speeds and loads with a constant output
voltage of 14 V
These plots coincide with Equation 2.1, which established alternator output
dependence on rotational speed and field current. As alternator speed increases, the
required field current to maintain a given output decreases, and vice versa. At any given
speed, as the load increases, the field current also increases. Although the curves are not
as linear as Equation 2.1 suggests, their small curvature indicates that controls suitable
for linear systems will suffice. Figure 6.2 presents this data in another format, with the
alternator speed as the family of curves. From this plot, it is apparent that unlike field
voltage and alternator speed, the relationship of field voltage and output current is very
nearly linear.
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Figure 6.2 Field voltage/load relationship for different alternator speeds and a constant
system voltage of 14 V
The evaluation of the intelligent peripheral voltage control mode is based on the
ability of the controller to maintain a desired 12 V system bus voltage given varying
loads and speeds, while avoiding spikes or dips during transient conditions. Since the
acceptable voltage range on an automotive 12 V bus is from 9-16 V, those are the criteria
selected for the tests [13]. However, the closer the system remains to the desired value, in
this case 14 V, the better the system has performed. The results are found in Figure 6.3.
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(a)

(b)
Figure 6.3 System voltage and load current during 46 A transient loading. The first
graph (a) corresponds to an engine speed of 1000 rpm, while the second (b)
test was run at an engine speed of 3000 rpm

56

The load used in the above test is connected and disconnected with a mechanical
switch, providing the fastest possible transient rate and simulating the application or
removal of a heavy load equal to all of the devices in a vehicle simultaneously. The plot
shows that the maximum voltage sag and overshoot are 12.65 V and 15.88 V,
respectively, well within the specified range. The rotational speed of the alternator affects
the output, as determined in Chapter 2, so for a given output and with the field current
held constant, the system voltage will rise with engine speed. The two plots reveal that
the controller accounts for this, and will maintain the proper output regardless.
Evaluation of the current control mode on the test fixture is similar to that of
voltage control, but the objective of the controller is to maintain a desired battery current.
In this case however, much larger variances in current are acceptable, as long as the
voltage of the bus stays within acceptable limits. Thus, the standard for testing the current
control mode is the ability of the controller to maintain the battery current without
undamped oscillation or causing the 12 V bus to exceed the voltage limits. In Figure 6.4,
6.5, and 6.6, the system is placed at three different battery currents, and the system is
transient loaded like in the voltage control test found in Figure 6.3. In the figures, the
controller maintains the desired battery current rates, while oscillations quickly damp out.
The voltage of the 12 V bus is maintained within the limits specified earlier.
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Figure 6.4 System voltage and battery current, showing the controller response during a
46 A transient load. In this graph, the desired battery current, Ibatt , is -15 A.

Figure 6.5 System voltage and battery current, showing the controller response during a
46 A transient load. In this graph, the desired battery current, Ibatt , is 0 A.
The zero current offset of the current sensor is apparent in this trace.
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Figure 6.6 System voltage and battery current, showing the controller response during a
46 A transient load. In this graph, the desired battery current, Ibatt , is 10 A.
Testing the combined system behavior requires the ability of the controller to
transition from voltage to current mode and vice versa when needed to be evaluated. As
established in Chapter 5, the initial state of the system is with the alternator off, but once
the engine is running and the alternator is enabled, the system will remain in voltage
control mode until the battery SOC reaches the specified reference point. In an
automobile installation the battery is not at full charge after startup, but rather less than
that. This is because battery self discharge, the energy required to start the vehicle, and
possible lighting and other drains after the last engine shutdown have lowered the battery
SOC. For the testing of the combined system transition behavior, the battery is
discharged beforehand to simulate this. The alternator is then powered up and enabled,
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while the voltage, current, and system state are monitored to ensure that the system is
operating properly. In Figure 6.7, the data from the above test are presented, and it shows
the system transitioning from voltage to current mode at the reference point of 14 V and
16 A.

Figure 6.7 Battery current and voltage during controller transition from voltage control
mode to current control mode
The transition from current to voltage mode, in the case of low bus voltage, is also
important and is shown in Figure 6.8 where the system switches back to voltage mode
when the 12 V system voltage dips below 11.5 V.
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Figure 6.8 Transition from current to voltage mode in the case of low system voltage
6.2 Implementation on MSU Challenge X Vehicle
The implementation of intelligent alternator control on the Challenge X vehicle
consisted of two major parts. The first was the physical location and mounting of the
driver board and current sensor inside the vehicle and the wiring of the system to the
alternator and the hybrid vehicle controller. The second was the integration of the
alternator control strategy on the hybrid vehicle controller, so the necessary information
already present on the CAN bus, like hybrid motor torque, could be utilized. Once
accomplished, a series of tests were performed to determine the effects of the system on
fuel economy and tailpipe emissions.
The fuel economy testing of the alternator control on the MSU Challenge X
vehicle was done on a road load simulation chassis dynamometer, and used a drive cycle
developed by the 2006 Challenge X team to evaluate emissions. This cycle was chosen to
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allow concurrent testing of emissions improvements, and is based off of the EPA US06
emissions drive cycle commonly used by manufacturers. Table 6.1 shows the averaged
results of the seven tests. These results indicate a 6.6% improvement in the SOC
corrected gasoline equivalent fuel economy, from 27.1 to 28.9 mpgge.

Table 6.1 Before and after alternator control results

Drive Cycle:
Initial SOC:
Trip Distance:
Fuel Used:
Nox
Final SOC:
Corrected FE:

Conv. Control
cX06 Emissions
65
6.37
0.2
0.38
64
27.1

Intelligent Control
cX06 Emissions
65
6.38
0.19
0.34
65
28.9

%
miles
gals
g/mile
%
mpgge

The effect of the alternator control on emissions was also positive, with the
system reducing the NOx emissions over the cycle by 10.5%. In Figure 6.9, the total
cumulative NOx from the tailpipe is plotted as a function of time during the drive cycle.
The data in Figure 6.9 was taken during two back to back dynamometer runs with the test
vehicle. Higher values on this plot correspond to higher emissions over the cycle. During
the first 200 s of the drive cycle, the alternator control system is in voltage control mode
setting the reference point for SOC calculations. Since this mode of operation is exactly
the same as with conventional alternator control, the similarity of the two graphs is
expected.
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Figure 6.9 NOx accumulation during the 2006 Challenge X drive cycle
Once the system transitions to current control mode after 200 s have passed, the
reduction of engine load during high load events results in a substantial reduction in
cumulative NOx emissions. The reduction of NOx emissions results from the reduction of
engine loading during high load events that would normally produce the most NOx.
Reducing the engine load also helps the engine stay in an operating region where the
EGR system is active. Shown graphically in Figure 6.10, the region enclosed by the black
line represents the EGR operating regime.
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Figure 6.10 Engine operating points with and without intelligent alternator control
The operation of the intelligent alternator control system was verified using the above
methods and tested over approximately 300 miles of chassis dynamometer operation. In
addition, it received a further 300 miles of on road testing. This testing has shown the
system to be trouble free, and has further validated the increased fuel economy
established during dynamometer testing.
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6.3 Control Effectiveness
The effectiveness of the alternator control system, as previously described,
results in significant improvement in fuel economy and NOx emissions. The voltage
control mode provides a repeatable means of establishing a reference for the battery state
of charge. In addition, operation in this mode ensures that under all circumstances,
particularly during short trips, the system will maintain the battery with adequate reserve
power for subsequent engine starts, even if the vehicle is not operated long enough for the
system to transition into current regulation mode. The number and variety of test miles
support this thoroughly.
The operation of the current control mode provides increased fuel economy and
reduced greenhouse and NOx emissions, while causing no adverse effects to vehicle
operation such as engine starting. These operations require significant stored energy from
the battery, and thus an alternator strategy that fails to maintain the battery state of charge
cannot be effective. The state of charge is sustained during current control operation
through all circumstances. This statement is verified in that the system is designed to
revert back to voltage control mode should the battery voltage drop below acceptable
levels, which are indicative of a lower than normal state of charge. However, during all of
the aforementioned tests, the system has never performed this transition except when
forced to during the safety and functionality testing on the test fixture.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

7.1 Conclusions
The fuel economy and emissions improvements of this intelligent alternator
control on the diesel-electric MSU Challenge X hybrid vehicle are significant. However,
it is important to consider the application of this system to other vehicles. Certainly other
diesel electric hybrids will see improvements, but other types of vehicles can benefit as
well. On a gasoline electric hybrid this system can improve fuel economy and thus
greenhouse gases, but the change in NOx emissions will be less since gasoline engines
produce less NOx than diesel engines and those emissions are not as dependent on load.
For a non-hybrid vehicle, the system would require changes to the control inputs, as
traction motor torque values would not be available. Instead, the system would need to be
recalibrated to use manifold pressure or throttle position transient for its vehicle load
determination. With minor changes this type of system could be applicable to the
majority of vehicles on the road today.
The main application of this system will be for automotive companies attempting
to reduce their corporate average fuel economy, especially if diesel engines are being
used.

Because this system can be applied to nearly every type of vehicle in a

66

manufacturer’s fleet, the improvements in fuel economy that the system provides are
significant. The reduction in NOx emissions would allow higher efficiency diesel engines
to more easily meet US emissions regulations. Future Advanced Vehicle Technology
Competition teams at Mississippi State University that are looking for improvements in
fuel economy and emissions will also make use of this type of system.
Production feasibility for an automotive system hinges on three main factors: the
supply of materials, the cost, and the time/weight it takes to implement. This alternator
system meets all of these requirements. The material cost is minimal, as the controller
needed is already available in nearly every car made today and the other components are
small amounts of wiring and power electronics that are already in mass production. The
implementation is easy as well, since most of the physical components of the system are
already present, and only require small modification. The largest issue with deploying
this type of system in mass production is the negative effect on battery life. Conventional
lead-acid starting batteries are designed for very short, high current loads followed by
long periods of constant voltage charging. Because of the regular charge/discharge cycles
experienced by the battery during normal operation of intelligent alternator control, the
plates of the battery are exercised more compared to constant voltage operation. This can
shorten battery life, particularly with inexpensive flooded cell batteries.
The use of a deep cycle battery in these applications can lengthen battery life, but
the best solution is a premium combined deep/starting cycle AGM battery, like the
Optima YellowTop™ D51. The robust spiral cell design of this type of battery allows it
to endure charge and discharge cycles of greater magnitude, duration, and frequency than
its flooded cell counterparts. An additional benefit of using this battery is its low internal
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resistance. At 0.0046 Ω [15], it can handle high charge and discharge rates without
significant voltage rise and sag. This voltage fluctuation is a concern since the output of
the lighting system on the vehicle is related to the voltage applied, and allowing the
voltage to swing between the minimum and maximum allowed on the 12 V bus will
cause noticeable fluctuations in lighting intensity. Implementing more modern battery
chemistries like Li-ion cells in the 12 V system could also improve battery life and
minimize voltage fluctuation, while allowing the alternator control system to be even
more effective due to the increased storage capacity available.

7.2 Future Work
Further investigation is needed on the long term effects of this system on battery
life. Although as a general rule increasing cycling frequency will reduce the life of a
battery or battery system, how much intelligent alternator control contributes to this is
still unknown. A study also needs to be done on the effects of lighting efficiency with the
voltage fluctuations present in the system. Although during the testing of the MSU
Challenge X vehicle no noticeable change in interior and exterior lighting was seen,
quantitative analysis about this phenomenon would confirm the continued safety and
effectiveness of the lighting systems.
The next step in efficiency for the 12 V vehicle power system is improvement in
the generation of electrical power by redesigning the alternator. A more efficient
alternator can still benefit from intelligent control, but because the baseline power
generation is more efficient, the gains in fuel economy and emissions will be larger and
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less cycle dependent. By utilizing more efficient diodes, such as Schottky barrier diodes
that have a lower forward voltage drop and near zero recovery time, the significant losses
during rectification could be reduced with no extra complication to the alternator and a
small increase in cost. For even more efficient rectification, the use of a synchronous
rectifier could be employed, using MOSFETs for switching and further reducing forward
voltage drop. This would be more expensive however, and far more complicated than
diode rectification.
Efficiency improvements can be made in the physical construction of the
alternator. Currently, fairly large air gaps are employed between the rotor and the stator
of the alternator. This is done to ensure that in the case of severe bearing wear, the rotor
will not contact the laminations of the stator or the alternator housing. Unfortunately, this
excessive air gap limits the efficiency of the alternator by introducing unnecessary
magnetic reluctance in the field magnetic circuit. By using higher quality bearings to
control rotor runout, the rotor clearances can be reduced with a corresponding boost in
efficiency. The Lundell rotor also reduces efficiency vs. a salient pole rotor, but the
economics of the Lundell rotor cannot be ignored, especially when compared to the much
higher cost of winding a salient pole machine. Likewise, replacing the rotor with a
permanent magnet version would improve efficiency, but would also require a three
phase controller and increase the cost of the alternator system many times over.
The 12 V system on an automobile is a good application of intelligent control, but
it not the only example found in the modern automobile. As established in Chapter 3, any
system with power production based on the engine, some form of energy storage, and a
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process with time varying power requirements can be optimized. The automotive air
conditioning system has all of these features. A compressor is driven by the engine, and
converts the engine power into compressed refrigerant, which is stored in liquid form by
the receiver/drier after it has passed through the condenser. The liquid refrigerant then
passes through an expansion orifice into the evaporator inside the car, cooling down
considerably and absorbing heat which is carried outside the passenger compartment. In
an intelligent control strategy, the size of the receiver/drier would be increased, and the
displacement of the compressor would be varied by the controller. During high load
situations, the pumping volume would be decreased close to zero, reducing engine load
and using the stored refrigerant in the receiver to maintain cooling in the vehicle.
Conversely, during braking the pumping volume would be increased past the amount
needed to cool the vehicle, refilling the receiver/drier. Given that the air conditioning
system draws upwards of 2 hp, shedding this load during acceleration on a diesel vehicle
could have an even larger effect on NOx emissions than the alternator control system in
this study.
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APPENDIX A
DETAILED CURRENT REGULATOR DIAGRAM
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Figure A.1 Detailed Current regulator diagram

APPENDIX B
DERIVATION OF SYNCHRONOUS MOTOR STATOR VOLTAGE
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The voltage induced in the stator windings can be deduced from the mmf produced by the
field coil along a line at θ, which is represented by [3]

Fr1 =

4 NfIf
cos(θ m − θ )
π 2

(B.1)

where

N f = number of turns in the field winding
If = field current
(θm- θ) = angular separation between the field magnetic axis and the stator
winding.
From the above relationship, the magnetic field and flux density are

H=

Fr1
g

B = μo H

(B.2)

(B.3)

The flux linking the field to each of the stator windings is

φ=

π /2

∫π Blrdθ

− /2

φ = Φ p cos θ m
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(B.4)

(B.5)

Where

Φ p = 4μoNfIflr/(πg)

(B.6)

l = length of machine
r = rotor radius
g = air gap
If the total number of turns in each stator winding, Na, is added, then the total flux linkage
for each phase winding will be

λa = NaΦpcos(θm)

(B.7)

λb = NaΦpcos(θm - 120°)

(B.8)

λc = NaΦpcos(θm - 240°)

(B.9)

These equations are not very useful, however, as they are dependent on θm. To transform
them to the time domain, the rotor speed ω, the time elapsed t, and the initial angle θm at

t0 must be used. Thus,
λa = NaΦpcos[ωt + θm(t0)]

(B.10)

λb = NaΦpcos(ωt + θm(t0) - 120°)

B.11)

λc = NaΦpcos(ωt + θm(t0) - 240°)

(B.12)

Taking the derivative of these expressions with respect to t yields the induced ideal
voltages
ea =

dλ a
dt

(B.13)

ea = ωN a Φ p cos[ωt + θ m (t 0 ) + 90°]
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(B.14)

So, the maximum ideal phase voltage induced is the amplitude in Equation B.14

E max = ωN a Φ p =

8πfμ 0 N a N f I f lr

πg
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(B.14)

